Previously, one of the authors developed a noninvasive measurement method of acceleration and deceleration during the expansion process of the blood vessel wall under pulsatile pressure flow by measuring the strain rate of the blood vessel wall using a supersonic Doppler effect sensor aided by computer analysis (DPC method). In this paper, on the basis of the analysis of chaos theory, that is, the complexity of science, the unstable behavior of the blood vessel wall with an aneurysm was investigated by identifying the characteristic DPC wave forms induced by the onset and progression of aneurysm. These results showed that unstable dynamic behavior of the blood vessel wall occurs due to the progression of the aneurysm. Furthermore, using the theoretical analysis of chaos, this unstable behavior of the blood vessel wall was quantified and the fundamental principle of a noninvasive diagnostic method of the progressive degree of aneurysm was proposed.
Introduction
The supersonic Doppler effect sensor has been used to measure blood flow velocity as a non-invasive method 1, 2) and some researches into its clinical application have been conducted [3] [4] [5] . However, whether the output from the Doppler effect sensor really detects blood flow velocity remains a problem.
Theoretically, when the Doppler effect sensor is set perpendicular to the blood flow direction, that is, perpendicular to the blood vessel, the output will correspond to the expansion velocity of the blood vessel wall, because it detects the frequency of Doppler-shift-ed supersonic scattered from the blood vessel wall.
One of the authors developed a noninvasive measurement method of acceleration and deceleration of the blood vessel wall during its expansion process under pulsatile pressure flow by measuring the strain rate of the blood vessel wall using a supersonic Doppler effect sensor 6) . On the basis of this method, a noninvasive quantitative diagnostic method of the progressive degree of atherosclerosis has been developed by obtaining accelerating and decelerating responses of the blood vessel wall under pulsatile pressure flow (DPC method) 7, 8) .
Furthermore, if noninvasive diagnosis of the onset and the progressive degree of the aneurysm becomes possible, the progressive degree of aneurysm can be shown quantitatively together with that of atherosclerosis and it will be useful in clinical application from the viewpoint of predicting the rupture time of the aneurysm, because not only the aneurysm itself but also blood vessel stenosis such as myocardial infarction accompanies the aneurysm, which results in blood vessel ruputure.
Until now, researches into aneurysms, the clarification of blood flow behavior around an aneurysm have focused on treatment using fluid dynamics [9] [10] [11] [12] .
On the other hand, under pulsatile conditions, since the analysis of the deformation behavior of the blood vessel wall with an aneurysm is not feasible, there is little research into the dynamic behavior of the blood vessel wall with an aneurysm which is useful for clinical matters. Therefore, in this paper, on the basis of an chaos theory analysis 13) , that is, the complexity of science, the unstable behavior of the blood vessel wall with an aneurysm was investigated by identifying the characteristic DPC wave forms induced by the onset and the progression of an aneurysm. These results show that unstable dynamic behavior of the blood vessel wall occurs due to aneurysm prosression. Furthermore, using the theoretical analysis of chaos, this unstable behavior of the blood vessel wall was quantified and, on the basis of this analysis, the fundamental principle of a noninvasive diagnostic method to assess the progressive degree of an aneurysm was proposed.
Previously the diastolic noises detected in the anterior chest wall were analyzed to determine whether chaotic signals are present 14) . These results showed that turbulent flow produced chaos in coronary blood flow in the sclerotic coronary artery 14) .
Therefore, using our proposed DPC method, it is reasonable to detect the systolic noises of the blood vessel wall to determine whether chaos signals can be detected for aneurysm or stenosis based on complexity science.
Background
The fundamental principle of the DPC method and the method of quantification of the progressive degree of atherosclerosis [6] [7] [8] are described in this section.
In this method, an ultrasonic Doppler effect sensor is set up perpendicular to the target as shown in Fig. 1 . The deformation velocity of the blood vessel wall under internal pulsatile pressure is measured from the difference between the transmitted supersonic wave and that of the Doppler-shifted supersonic wave scattered from the blood vessel wall and converted into voltage. An example of the output wave form is shown in Fig. 2 [6] [7] [8] .
In Fig. 2 , the gradient of the measured wave form, that is, the value of acceleration and deceleration of the deformation of the blood vessel wall during its expansion process was noticed. The estimation parameters of P1 and P2 were taken as the representative gradient of each wave form in the accelerating and decelerating process during the expanding process of the blood vessel wall under pulsatile pressure conditions, where, the value of tm/T, that is, the phase at the time of the maximum value of the output wave form corresponds to the deformation response by internal pressure. Corresponding to the progression of athero- sclerosis, the characteristic acceleration and deceleration responses of blood vessels change and are represented on a map as shown in Fig. 3a 7) and quantified by I in Fig. 3b 8) . Based on these methods, examples of a normal group can be clinically discriminated from an atherosclerosis group by the map shown in Fig. 3a and quantified by I parameter in Fig. 3b . By these representations, the progressive degree of atherosclerosis can be diagnosed from the map or in a quantitative manner using the I parameter.
Detailed formulation of the I parameter can be derived by the following equation using the data in Fig. 3a 8) .
Measurement by the DPC method can be conducted in areas where pulses can be measured, for example, the carotid and inguinal regions, wrists and ankles. In this paper, measurements were conducted in the area of the carotid which closely concerns the thoracica and abdominal aorta 7, 8) . Measurement at the cerebral arteries is a future problem. Therefore, in this paper, atherosclerosis and aneurysm mainly concern the atherosclerosis obliterans (ASO) of which the value of ABPI is less than 0.9, and abdominal aortic aneurysm (AAA), defined as having surgical operative indication, of which the maximum diameter is larger than 4.0 cm. 
Correlation Between the DPC Method and Other Non-Invasisve Diagnostic Methods such as NIRS, PWV, ABI and IMT
Other noninvasive diagnostic methods of arteriosclerosis have already been proposed and clinically applied, for example, NIRS [15] [16] [17] , PWV [18] [19] [20] , ABI 21) and IMT 22, 23) .
The measuring sites and methods of NIRS, ABI, IMT and our proposed DPC are shown in Fig. 4(a) . The DPC method is very convenient because measurement is possible at sites where blood flow pulsation can be detected such as the carotid. Since the DPC method detects the acceleration and deceleration of the blood vessel wall under pulsatile flow, it has the advantage of directly measuring the visco elastic property which closely concerns the acceleration and decel-eration response of the blood vessel wall and the irregularity on the pulsatile motion of blood vessel wall as shown in Fig. 4(b) . In these points, this method is distinguished from the methods mentioned above such as PWV, ABI and IMT.
The correlation between I obtained by the DPC method and NIRS, PWV, ABI and IMT is shown in Figs. 5-8. The measurement sites by NIRS, PWV, ABI and IMT are shown in Fig. 4 . DPC measurements were conducted at the site of the carotid.
The correlation between I and NIRS was fairly good, that is, the coefficient value of correlation was 0.79 ( Fig. 5) . The coefficient value of correlation between I and PWV was 0.61 ( Fig. 6) , that between I and ABI was 0.52 ( Fig. 7) and that between I and IMT was 0.62( Fig. 8) .
These results show that I obtained by the DPC method also well predicts the progressive degree of arteriosclerosis similar to the other methods mentioned above and correlates especially well with NIRS. The slight difference of I from PWV is considered as fol-lows. The relationship between I by the DPC method and age is shown in Fig. 9 . The relationship between PWV and age is shown in Fig. 10 . From these results, it was found that PWV correlates well with age as compared with the correlation between I and age. These results show that PWV estimates not only arteriosclerosis but also the aging effect of blood vessels which concerns the hardness of the blood vessel wall. On the other hand, I obtained by the DPC method enables us to discriminate arteriosclerosis from the aging effect of the blood vessel and correlates well with NIRS which is related to the blood transportation ability of blood vessels and closely concerns the viscoelastic property of the blood vessel wall 7) . In particular I enables us to diagnose atherosclerosis at local sites, as shown in previous literature 8) .
The Characteristic Output Wave Form Clinically Observed by the DPC Method for Cases of Abdominal Aneurysms
Non-invasive clinical measurements of the characteristics of the accelerated response of blood vessel walls using the DPC method were conducted for 28 cases with abdominal aneurysms. These results show the appearance of a unique output main wave form with two peaks (two-phase peak) as shown in Fig. 11(b) , observed for 24 cases (86%); therefore, the two-phase peak is considered to be a characteristic wave form measured with aneurysm which can not be observed for the wave form of atherosclerosis without aneurysm as shown in Fig. 11(a) . Therefore, in the next section, an in vitro flow experiment in a tube with an aneurysm model was conducted to assure the occurrence of the two-phase peak wave form clinically observed by DPC method for aneurysm.
Furthermore, concerning the diagnosis of the output wave forms obtained by the DPC method, since the I parameter mentioned in the previous section does not include the function of discrimination of this two-phase peak, it is difficult to detect aneurysm using the I parameter as shown in Fig. 11(b) . Therefore, for the purpose of the discrimination and Fig. 11(a) . An example of output wave forms for atherosclerosis without abdominal aneurysm. Fig. 11(b) . An example of output wave forms for abdominal aneurysm. A two-phase wave form can be observed for 24 of 28 cases.
diagnosis of this two-phase peak wave form, analysis of the trajectory of the attractor and the calculation of entropy of these wave forms were conducted based on chaos analysis according to complexity science and the unstable behavior of blood vessels in this case was clarified.
Experimental Confirmation of the Unstable Behavior of the Blood Vessel Wall
A designed branch tube was added to a designed pulsatile circulated pressure flow testing machine 24) as shown in Fig. 12 . A silicon tube with the length of Li was attached to one side of the branch tube as shown in Fig. 13 . This was treated as a capacitance model of an aneurysm and enlargement of this aneurysm was simulated by increasing the length of Li. Pulsatile pressure flow was circulated through this system. Consequently, back flowing occurred in the aneurysm model (silicon tube) during the pulsatile period. In the same DPC measurement as for clinical cases, at the site of upstream of this system away from the aneurysm model, a two-phase peak output wave form similar to Fig. 11(b) was detected in the wave forms of the pressure derivative with the same wave forms as those ob-tained by DPC method as shown in Fig. 14, where LC is the critical value at which a two-phase peak wave form can be detected. Furthermore, by increaseing Li, the shape of two-phase peak becomes much more remarkable as shown in Fig. 14. These results show that when an aneurysm exists and progresses in the blood vessel system, back flow occurs around it, which propagates through the blood vessel wall and results in a two-phase peak DPC wave form as shown in Fig. 11(b) as a characteristic change of the dynamic behavior of blood vessels. It can also be detected at sites away from this aneurysm.
Analyses of the Unstable Behavior of Blood Vessels with Atherosclerosis and Aneurysm Based on the Chaos Theory
The trajectories of normal and quasi periodic attractors for blood vessel walls were analysed in this section.
The results of the trajectories of normal and quasi periodic attractors for blood vessel walls are shown in Fig. 15 . The trajectory of a normal blood vessel wall has a characteristic regular periodic elliptical limit cycle ( Fig. 15(a) ). The trajectory of a blood vessel with atherosclerosis shows a semi-elliptical loop with an irregular scattering band ( Fig. 15(b) ). This shows that increased disturbance of the fluctuation of the blood vessel wall is caused by atherosclerosis, which concerns the deterioration of the elastic response of the blood vessel wall (viscoelastic property). On the other hand, in the case of aneurysm, in addition to increasing the scattering of the trajectory of the movement of the blood vessel wall, a characteristic circuit loop appeared in the trajectory as shown in Fig. 15(c) which corresponds to the characteristic wave form with a two-phase peak as shown in Fig. 11(b) . From the viewpoint of chaos theory, this behavior was found to show the unstable characteristics of the trajectory of a blood vessel wall; that is, this behavior was considered to occur by wave propagation through the blood vessel wall as the unstable dynamic behavior of the blood vessel wall due to the transmission of an unstable behavior of blood flow caused by the existence of aneurysm in the blood vessel wall. This circuit loop in the trajectory was also detected in that of in vitro flow test with a capacitance which imitates aneurysm as shown in Fig. 16 .
From these results, it was assured that the characteristic two-phase peak wave form reflects the characteristic unstable behavior of the blood vessel wall due to an aneurysm.
The Analysis of Entropy for Dynamic Behavior of the Blood Vessel Wall
To clarify the movement trajectories of blood vessel walls in the normal state, atherosclerosis and aneurysm, Shannon entropy, which is an index of impossibility in long-term prediction was analysed.
If the area where the trajectories are confined is divided into N segments and the probability of the trajectories dropping in the ith segment is defined as Pi, entropy S is given by eqn.(4) 25) .
The value of S almost equals to zero when the trajectories are composed of only stable points. As the area where the trajectories drop in increases, the value of entropy also increases.
The relationship between values of I 7, 8) , which diagnoses the progressive degree of atherosclerosis and those of entropy, which estimates the progressive degree of aneurysm obtained by clinical measurements, are shown in Fig. 17 , with the following results: 1) Due to the transition from the normal state of the blood vessel wall to atherosclerosis, in addition to the increased value of I , the scattering of trajectories, which shows the irrecgular periodicity of movement of the blood vessel wall is induced and the value of entropy gradually increases.
On the other hand, for clinical cases of aneu- rysm, concerning the output wave form of DPC detected as the deformation rate of the blood vessel wall under pulsatile pressure flow, a characteristic circuit loop can be detected in the movement trajectories of the blood vessel wall and the scattering of its trajectories increases significantly as compared with those of atherosclerosis as shown in Fig. 15c . This behavior induces a significant increase in entropy S due to the irregular periodicity of movement of the blood vessel wall as shown in Fig. 17 , which can be discriminated as a region of higher entropy from the transient characteristics of entropy from the normal state of blood vessel movement to that of atherosclerosis. From the results shown in Fig. 16 , a similar increase in entropy was assured by increasing the length of Li, which is capacitance model of aneurysm in the in vitro pulsatile circuit flow test. Based on the DPC method, the progressive degree of atherosclerosis can be diagnosed by I , which is an index of mechanical deterioration of the blood vessel wall 8) . Furthermore, concerning the diagnosis of aneurysm, which is clinically important to diagnose a diseased blood vessel wall, it can be diagnosed as the significant increase in entropy of its trajectories due to the irregular periodicity of movement of the blood vessel wall combined with the characteristic circuit loop of its trajectories which corresponds to the twophase DPC wave form.
However, irregularities in DPC output wave forms are usually eliminated as noises during the smoothing process, these results show that those irregularities correspond with blood vessel diseases, showing the significance of noise science in diagnosis based on the DPC method for blood vessel diseases. This map will enable us to predict the possibility of the aneurysm rupture.
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Conclusions

1)
As the result of an aneurysm, irregular periodicity of movement of the blood vessel wall occurs which can be detected by our proposed DPC method.
2) This behavior was confirmed by in vitro experiments as a phenomenon of the back flow of fluid accumulated in an aneurysm model.
3) On the basis of analyses of attractors and entropy in complexity science, the uncertainty of the movement of the blood vessel wall under pulsatile pressure flow which involves an aneurysm is diagnosed as an irregularity in the periodicity (irregular limit cycle) and increased entropy of its trajectory. 4) In addition to the I parameter, which estimates the deteriorated degree of the mechanical property of the blood vessel wall, the entropy of trajectories for the movement of the blood vessel wall is used to make quantitative and simultaneous diagnoses of the progressive degree of atherosclerosis and aneurysm based on a two-dimensional representation using I and entropy; that is, noise-like signals which are usually eliminated during the smoothing process of DPC output wave forms were found to have significant information as a reflection of blood vessel disease, which shows the significance of noise science. 5) These results will enable us to predict the possibility of aneurysm rupture and are useful in the preventive treatment of blood vessel disease. 
